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Acetoin Synthesis Acquisition Favors Escherichia coli Growth at
Low pH
Bram Vivijs, Pieter Moons,* Abram Aertsen, Chris W. Michiels
Laboratory of Food Microbiology and Leuven Food Science and Nutrition Research Centre (LFoRCe), Department of Microbial and Molecular Systems (M2S), Faculty of
Bioscience Engineering, Katholieke Universiteit Leuven, Leuven, Belgium
Somemembers of the family Enterobacteriaceae ferment sugars via the mixed-acid fermentation pathway. This yields large
amounts of acids, causing strong and sometimes even lethal acidification of the environment. Other family members employ the
2,3-butanediol fermentation pathway, which generates comparatively less acidic andmore neutral end products, such as acetoin
and 2,3-butanediol. In this work, we equipped Escherichia coliMG1655 with the budAB operon, encoding the acetoin pathway,
from Serratia plymuthica RVH1 and investigated how this affected the ability of E. coli to cope with acid stress during growth.
Acetoin fermentation prevented lethal medium acidification by E. coli in lysogeny broth (LB) supplemented with glucose. It also
supported growth and higher stationary-phase cell densities in acidified LB broth with glucose (pH 4.10 to 4.50) and in tomato
juice (pH 4.40 to 5.00) and reduced the minimal pH at which growth could be initiated. On the other hand, the acetoin-produc-
ing strain was outcompeted by the nonproducer in a mixed-culture experiment at low pH, suggesting a fitness cost associated
with acetoin production. Finally, we showed that acetoin production profoundly changes the appearance of E. coli on several
diagnostic culture media. Natural E. coli strains that have laterally acquired budAB genes may therefore have escaped detection
thus far. This study demonstrates the potential importance of acetoin fermentation in the ecology of E. coli in the food chain and
contributes to a better understanding of the microbiological stability and safety of acidic foods.
Twomain sugar fermentation pathways have been described forthe family Enterobacteriaceae. The mixed-acid fermentation
pathway, which is used by genera such as Escherichia, Shigella, or
Salmonella, generates mainly acidic end products, including ace-
tic, lactic, succinic, and formic acids, and also some ethanol. For-
mic acid can be further converted to H2 and CO2 by the formate
hydrogen lyase (FHL) complex (1). On the other hand, enterobac-
teria that make use of the 2,3-butanediol fermentation pathway,
such as Serratia, Klebsiella, or Enterobacter species, ferment glu-
cose primarily to nonacidic end products, such as ethanol, ace-
toin, and 2,3-butanediol, and produce onlyminor amounts of the
organic acids mentioned above (2). In fact, the latter bacteria fol-
low the mixed-acid fermentation route during the early stages of
growth and switch to the 2,3-butanediol route in the late-expo-
nential phase (3, 4). This switch is generally viewed as a strategy of
these bacteria to prevent excessive medium acidification, and it
has been demonstrated that knockout of the 2,3-butanediol path-
way indeed results in more-pronounced acidification, early
growth arrest, and cell death (5, 6).
The production of 2,3-butanediol frompyruvate, derived from
glycolysis, consists of a three-step conversion (7). First, 2 mole-
cules of pyruvate are converted to -acetolactate and carbon di-
oxide by-acetolactate synthase (-ALS), after which-acetolac-
tate is decarboxylated to acetoin by -acetolactate decarboxylase
(-ALD). Finally, 2,3-butanediol dehydrogenase (BDH) catalyzes
the reversible reduction of acetoin to 2,3-butanediol. The switch
from mixed-acid production to acetoin production reduces the
fermentative energy yield from glucose, because it draws pyruvate
from the route to acetate in which the last step—the conversion of
acetyl phosphate to acetate by acetate kinase—generates ATP (8).
Thus, 2,3-butanediol fermenters must coordinate the activity of
the energy-conserving but acidifying acetate formation pathway
with the activity of the non-energy-conserving but nonacidifying
2,3-butanediol pathway during sugar fermentation (9).
We have previously studied the role and regulation of 2,3-bu-
tanediol fermentation in Serratia plymuthica RVH1, an isolate
from a food-processing environment (3, 6, 10). In this organism,
the genes encoding the first two steps of the pathway, budB and
budA, respectively, are clustered in the budAB operon, while the
third gene, budC, is at a distant site in the chromosome (6, 11).
This organization is similar to that found in Serratia marcescens
(4), although the three genes can also forma single operon in some
other members of the Enterobacteriaceae (12, 13). Most recently,
we demonstrated that loss of the budAB operon not only results in
stronger acidification and thus earlier growth arrest in (neutral)
glucose-containing media but also impairs the ability of S. plym-
uthica RVH1 to initiate and sustain growth at low pH (14). In the
present study, we transferred the budAB genes from S. plymuthica
to Escherichia coli in order to investigate the impact of the poten-
tial acquisition of these genes on the fitness of E. coli in terms of
survival ofmedium acidification and growth at low pH. This work
provides novel insights into possiblemechanisms of evolution and
adaptation of food-borne bacteria to acid stress in the food chain.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. The construction of the
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pTrc99A-Ptrc-budAB plasmid has been described previously (6). In addition
to the pTrc99A backbone (15), pTrc99A-Ptrc-budAB contains an isopropyl-
-D-thiogalactopyranoside (IPTG)-inducible budAB operon from S. plym-
uthica RVH1. Both plasmids were introduced into E. coli MG1655 by elec-
troporation and selection for ampicillin resistance. The standard growth
medium for the preparation of bacterial inocula was lysogeny broth (LB)
(10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl).
The growth of E. coliMG1655 derivatives was also evaluated on differ-
ent diagnostic platingmedia, including LB agar (15 g/liter agar) with 0.5%
glucose and 20 mg/liter phenol red, Violet Red Bile Glucose (VRBG) agar
(Oxoid, Basingstoke, United Kingdom), MacConkey agar (Becton Dick-
inson, Sparks, MD, USA), and eosin-methylene blue (EMB) agar (Becton
Dickinson, Sparks, MD, USA). In the latter two media, 0.5% glucose was
used as the carbon source. The following concentrations of antibiotics
(AppliChem, Darmstadt, Germany) were used when appropriate: 100
g/ml ampicillin, 30 g/ml chloramphenicol, and 10 g/ml tetracycline.
Growth, acetoin, and pHmeasurements of E. coliMG1655 cultures
in LB supplemented with glucose. E. coli MG1655 cultures containing
pTrc99Aor pTrc99A-Ptrc-budABwere grownovernight at 37°C in 4ml LB
with ampicillin (to ensure plasmid maintenance) and were subsequently
diluted 1:1,000 in test tubes containing 10 ml of the same medium sup-
plemented with 0.5% glucose as a carbon source for fermentation and 1
mM IPTG. During incubation at 37°C for 96 h, 300-l samples were
withdrawn at regular time points; the optical density at 600 nm (OD600)
and the medium pH were measured, and the presence or absence of ace-
toin was determined. The latter was assessed using the Voges-Proskauer
(VP) test as described previously (3). Additionally, plate counts were de-
termined by plating a decimal dilution series in potassium phosphate
buffer (10 mM; pH 7.00) on LB agar.
Growth experiments in LB supplemented with 0.5% glucose, 1 mM
IPTG, and 100g/ml ampicillin, and acidified to different pH values with
37% HCl, were conducted similarly but used 300-l culture volumes in
96-well microplates to allow higher throughput and an incubation tem-
perature of 30°C, because 37°C is suboptimal at low pHs. Themicroplates
were sealed with an oxygen-impermeable cover foil. Incubation and au-
tomaticmeasurement of theOD630were carried out in aMultiskanAscent
plate reader (Thermo Labsystems, Helsinki, Finland). Plate counts and
pHs were determined only at the start and end of this experiment. The
growth data were fitted by the model of Baranyi and Roberts (16), using
the Excel add-in package DMFit (Institute of Food Research, Norwich,
United Kingdom).
Growth andpHmeasurements ofE. coliMG1655 cultures in tomato
juice. E. coli MG1655 cultures containing pTrc99A or pTrc99A-Ptrc-
budAB, grown overnight at 37°C in 4 ml LB with ampicillin, were diluted
1:1,000 in 0.9% NaCl. One hundred microliters of this suspension was
inoculated into test tubes with 10 ml commercial appertized tomato juice
(containing 6 g/liter NaCl; pH 4.20) that had first been adjusted to pH
4.30, 4.40, 4.50, 4.60, 4.80, or 5.00 with 1 M NaOH and supplemented
with 1 mM IPTG. The inoculated tomato juice was covered with 2 ml
paraffin oil to simulate the low oxygen availability in a commercial pack-
aged juice and to stimulate fermentative metabolism and was then incu-
bated at 20 or 30°C without shaking. At regular time points, and after
careful penetration of the paraffin oil layer and pipetting up and down a
few times to ensure good mixing, 300-l samples were taken for plate
counting and pH measurement.
Mixed-culture experiment in liquid medium and on solid medium.
Fifty microliters each of an overnight culture of E. coli MG1655 lac::Tc/
pTrc99A and an overnight culture of E. coli MG1655 lac::Cm/pTrc99A-
Ptrc-budABwere mixed together into 900l of potassium phosphate buf-
fer (10 mM; pH 7.00). Forty microliters of this suspension was added to
test tubes with 4 ml LB containing 0.5% glucose, 1 mM IPTG, and 100
g/ml ampicillin, and the pH was adjusted to 5.00, while a dilution was
plated onto the samemedium (but solidified with 15 g/liter agar) in order
to obtain 500 to 5,000 CFU per plate. The test tubes were incubated with-
out shaking, while the plates were anaerobically incubated, both at 37°C.
Every day, the liquid cultures were diluted 1:1,000 into freshmedium and
were further incubated, while colonies from the plates were collected in 1
ml of potassium phosphate buffer (10 mM; pH 7.00), decimally diluted,
plated again on freshmedium, and further incubated. Every day, counts of
E. coli MG1655 lac::Tc/pTrc99A and E. coli MG1655 lac::Cm/pTrc99A-
Ptrc-budAB in the mixed populations (in liquid and on solid medium)
were determined by plating on LB agar with tetracycline or chloramphen-
icol, respectively. Both experiments were also carried out with the two
plasmids swapped between the two strains.
Statistical analysis of data. All experiments were carried out in tripli-
cate using independent cultures, and results are presented as means 
standard deviations. The statistical significance of differences between
mean values for different strains at each sampling moment was deter-
mined by Student t test analysis using theMicrosoft Excel statistical pack-
age. Results were reported as significant when a P value of 0.05 was
obtained.
RESULTS
Acetoin synthesis prevents lethal acidificationduring fermenta-
tive growth ofE. coli. First, the influence of the acetoin pathway in
E. coli MG1655 was evaluated in growth medium with a neutral
initial pH. To that end, MG1655 equipped with pTrc99A-Ptrc-
budAB or the corresponding empty control plasmid (pTrc99A)
was grown in LB with 0.5% glucose at 37°C for 96 h. The presence
of the control plasmid had no effect on the growth of MG1655
(data not shown). Cultures were not shaken to stimulate fermen-
tative growth.During the first 10 h, theOD600, the culture pH, and
the production of acetoin were monitored every hour (Fig. 1).
Additionally, culture aliquots were plated at 0, 10, 24, 48, 72, and
96 h (Table 2).
The OD600 curves show comparable lag phases and exponen-
tial growth rates for the two strains but suggest that entry into
stationary phase was delayed in the strain containing budAB. The
plate counts in early-stationary phase (10 h) tend to confirm that
this strain grew to a slightly higher stationary-phase level, al-
though the difference from the strain without budABwasmargin-
ally nonsignificant (P  0.07). As expected, the growth of the
control strainwith the empty plasmidwas accompanied by a rapid
decrease in the medium pH due to the production of acidic end
products generated by the mixed-acid fermentation of glucose. In
contrast, the pH of the medium for MG1655 carrying the
pTrc99A-Ptrc-budAB plasmid decreased more slowly and to a
lesser extent (Fig. 1). This can be attributed to the production of
TABLE 1 Strains and plasmids used in this study
Strain or plasmid Relevant feature(s)
Source or
reference
E. coli strains
MG1655 F rph-1 43
MG1655 lac::Cm Chloramphenicol resistance
cassette in lacY
Laboratory
collection
MG1655 lac::Tc Tetracycline resistance
cassette in lacZ
44
Plasmids
pTrc99A Cloning vector carrying
IPTG-inducible trc
promoter (Ptrc); Ap
r
15
pTrc99A-Ptrc-budAB pTrc99A carrying the budAB
operon downstream of
Ptrc; Ap
r
6
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acetoin and to a reduction in the amount of acidic fermentation
products. Acetoin production was indeed confirmed by the VP
test (Fig. 1) and was detectable from 4 h of incubation onward.
Interestingly, during further incubation up to 96 h, the pH of the
medium returned to neutral for MG1655 carrying the budAB
operon, while it decreased further, to 4.59, for the empty-vector
control strain. This acidification of the medium by the control
strain was lethal, as illustrated by the strong decline in the plate
count to 3.0 log(CFU/ml) after 96 h. On the other hand, the strain
containing budAB was not subject to this lethal acidification, and
its plate count remained almost constant or even increased
slightly, to 8.8 log(CFU/ml), after 96 h (Table 2).
Acetoin synthesis changes the appearance of E. coli colonies
on diagnostic plating media. Given the profound impact of the
acetoin pathway on the pH evolution of MG1655 cultures in the
experiment described above, we investigatedwhether the pathway
would also influence the appearance of E. coli colonies grown on
the solidmedia frequently used for the identification and enumer-
ation of Enterobacteriaceae (Fig. 2). These media often rely on the
color change of a pH indicator as a result of acid production from
glucose or another sugar to distinguish Enterobacteriaceae from
nonfermenting bacteria. On VRBG agar, which contains glucose
and the pH indicator neutral red, MG1655 with pTrc99A formed
purple colonies surrounded by opaque halos of precipitated bile
salts, with a purple discoloration of the medium, characteristic of
Enterobacteriaceae. In contrast, the colonies formed by MG1655
with budAB genes and the surrounding medium were gray, and
there were no halos. Likewise, onMacConkey agar with glucose as
a carbon source, which is very similar in composition to VRBG
agar, the colonies and surrounding medium of the strain without
budAB turned deep red after incubation, while those for the strain
containing budAB turned yellow-orange. On EMB agar, contain-
ing eosin Y and methylene blue dyes in addition to glucose, strain
MG1655 without budAB formed blue-black colonies with a green
metallic sheen, typical for E. coli, while colonies of the strain con-
taining budAB were colorless. Finally, on LB agar containing glu-
cose and phenol red as a pH indicator, the strain without budAB
caused a color shift to yellow, while the strain containing budAB
caused a color shift to red, after incubation. The distinct appear-
ance of MG1655 containing budAB genes can be explained by the
less-pronounced acidification caused by this strain, as observed
above in liquid LB containing glucose (Fig. 1 and Table 2).
Acetoin synthesis supports the growth of E. coli at low pH in
LBwith glucose. Sincewe showed previously that knockout of the
budAB operon impairs growth at a low initial pH in the 2,3-bu-
tanediol-fermenting organism S. plymuthica RVH1 (14), we now
addressed the question of whether the acquisition of this operon
would improve the ability of E. coli to grow at low pH in LB with
glucose (initial plate counts, around 5.7 log[CFU/ml]). Based on
the OD630 data, there was no growth of MG1655 harboring
pTrc99A or pTrc99A-Ptrc-budAB at pH 4.00. On the contrary, the
final plate counts indicated that cell death occurred at this pH
(Table 3). At an initial pH of 4.10, the counts of the strain without
budAB decreased to 2.6 log(CFU/ml) after 72 h, whereas those of
the strain containing budAB increased to 8.3 log(CFU/ml). This
difference in growth was also reflected by a difference in pH evo-
lution. Whereas the pH increased only marginally, to 4.29, for the
strain without budAB, the strain containing budAB increased the
pH to 5.23 after 72 h (Table 3).
The lowest pH value at which the strain without budAB could
initiate growth (pHmin) was 4.20. After 72 h at this pH, its plate
count increased to 6.5 log(CFU/ml), which was significantly less
than the final count of the strain containing budAB (8.4 log[CFU/
ml]) (P 3.7 104). In parallel, there was only a small increase
in the medium pH for the strain without budAB, and a much
stronger increase for the strain containing budAB. Also at initial
pH values of 4.30, 4.40, and 4.50, MG1655 clearly benefited from
the presence of the budAB operon during growth in acidified LB
with regard to growth rates and final plate counts (Table 3). At
these three pH values, there was a statistically significant differ-
ence (P	 0.007) of around 1 log(CFU/ml) in the final plate count
between the two strains. Again, under these three conditions, the
final pHwasmuch lower for the strainwithout budAB than for the
strain containing budAB. The empty pTrc99A plasmid had no
effect on the growth of MG1655 in this experiment (data not
shown).
Acetoin synthesis supports the growth of E. coli in tomato
juice. To assess the potential relevance of the acetoin pathway to
the safety and stability of acidic foods, MG1655, without or with
FIG 1 Growth (expressed as OD600) of E. coli MG1655 harboring pTrc99A
(shaded squares) or pTrc99A-Ptrc-budAB (filled squares) in LB containing
0.5% glucose, 1 mM IPTG, and 100g/ml ampicillin at 37°C for 10 h. The pH
of the medium is indicated by shaded triangles (pTrc99A) or filled triangles
(pTrc99A-Ptrc-budAB). Error bars represent standard deviations. Pictures be-
low the graph show the results of a qualitative Voges-Proskauer test demon-
strating acetoin production (red color).
TABLE 2 Plate counts and pH values in cultures of E. coli MG1655
harboring pTrc99A or pTrc99A-Ptrc-budAB
a
Time
(h)
pTrc99A pTrc99A-Ptrc-budAB
Plate count
(log[CFU/ml]) pH
Plate count
(log[CFU/ml]) pH
0 5.4 0.5 A 7.16 0.01 A 5.4 0.1 A 7.16 0.01 A
10 8.3 0.1 A 4.89 0.01 B 8.6 0.2 A 5.50 0.01 A
24 7.9 0.2 B 4.63 0.02 B 8.4 0.1 A 5.61 0.33 A
48 6.2 0.5 B 4.63 0.02 B 8.4 0.1 A 6.33 0.18 A
72 5.2 0.4 B 4.62 0.02 B 8.4 0.3 A 6.78 0.13 A
96 3.0 0.3 B 4.59 0.01 B 8.8 0.1 A 7.14 0.06 A
a Strains were grown in LB containing 0.5% glucose, 1 mM IPTG, and 100 g/ml
ampicillin at 37°C for 96 h. Values are means standard deviations. Plate counts or pH
values followed by different capital letters in the same row are significantly different
(P	 0.05).
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the budAB operon, was inoculated at about 4.0 log(CFU/ml) into
tomato juices adjusted to a pH of 4.30 to 5.00. The inoculated
juices were stored at a temperature close to the optimum for
growth (30°C) or at a more moderate temperature (20°C). As
such, the experiment is representative of bacterial growth in
mildly acidic foods that are stored without refrigeration, such as
unprocessed fresh products (tomatoes and several fruits) or
processed products that have been subject to contamination, or
in refrigerated products that are subjected to severe tempera-
ture abuse.
At an incubation temperature of 30°C, the plate counts of both
strains, without and with budAB, declined steadily at an initial pH of
4.30 (Fig. 3A), to fall below the detection limit within 7 days. At an
initial pHof 4.40 (Fig. 3B), there was a period of 4 days duringwhich
the counts remained roughly constant (for the strain containing
budAB) or decreased slightly (for the strain without budAB). After
that, the counts of the strain without budAB rapidly dropped below
the detection limit (day 7). In contrast, the strain containing budAB
started growing and reached 7.0 log(CFU/ml) after 11 days. This was
accompanied by an increase in the pH of the tomato juice to 4.86. In
tomato juice with an initial pH of 4.50 (Fig. 3C), both strains were
able to initiategrowth,but the strainwithoutbudAB stoppedgrowing
after 3 days, and its counts thendeclineduntil day 11. Since the pHof
the juice remainedconstant, the reason for thisdecline isprobably the
accumulationof acidsduring thegrowthphase. In contrast, the strain
containing budAB grew to afinal cell density of 8.3 log(CFU/ml) over
the entire 11-day period.
At an incubation temperature of 20°C, both strains generally
grewmore slowly, and the lowest pH value at which growth could
be initiated (pH 4.80) was higher than at 30°C. At pH 4.60 (Fig.
3D), both strains survived well for 15 days, but upon longer incu-
bation, counts decreased, to sink below the detection limit after 20
days. There was no difference between the two strains at this pH.
At an initial pH of 4.80 (Fig. 3E), there was a long lag phase during
which plate counts remained constant. Thereafter, the plate
counts of both strains started to increase, but more slowly for the
strain without budAB than for the strain containing budAB. The
lag phase at an initial pH of 5.00 (Fig. 3F) was much shorter than
that at an initial pH of 4.80, and both strains started growing after
2 to 3 days, reaching plateaus at approximately 8.0 and 9.4
log(CFU/ml) for the strain without budAB and the strain contain-
ing budAB, respectively, after about 13 days. Both at pH 4.80 and at
pH 5.00, a strong pH increase was observed for the strain containing
budAB,while thepHremainedalmost constant for the strainwithout
budAB.
Acetoin synthesis provides no fitness advantage to E. coli in
LB at low pH. In the next experiment, we investigated whether the
capacity of an E. coli strain to produce acetoin can confer a growth
advantage at low pH in a mixed culture with an E. coli strain
lacking this capacity. To allow counting of both the strain without
FIG 2 E. coliMG1655 harboring pTrc99A (A) or pTrc99A-Ptrc-budAB (B) grown onVRBG agar (top left),MacConkey agar containing 0.5% glucose (top right),
EMB agar containing 0.5% glucose (bottom left), or LB agar containing 0.5% glucose and 20 mg/liter phenol red (bottom right) at 37°C for 24 h. All media
contained 1 mM IPTG.
TABLE 3 Determination of growth parameters in acidified LB mediuma
Initial
pH
Final plate count
(log[CFU/ml]) Final pH Lag phase (h) Growth rate (1/h) Final OD
Without
budAB
With
budAB
Without
budAB With budAB
Without
budAB
With
budAB Without budAB With budAB Without budAB With budAB
4.00 4.0 0.2 A 3.9 0.3 A 4.08 0.01 A 4.08 0.01 A
4.10 2.6 0.3 B 8.3 0.1 A 4.29 0.01 B 5.23 0.33 A 29.7 3.0 0.040 0.007 0.813 0.118
4.20 6.5 0.2 B 8.4 0.1 A 4.39 0.04 B 5.56 0.03 A 9.3 0.3 A 9.2 0.4 A 0.011 0.002 B 0.063 0.001 A 0.378 0.023 B 0.976 0.006 A
4.30 7.2 0.1 B 8.3 0.1 A 4.36 0.02 B 5.73 0.03 A 6.0 0.3 A 6.1 0.2 A 0.018 0.002 B 0.071 0.001 A 0.418 0.032 B 1.008 0.022 A
4.40 7.2 0.2 B 8.4 0.1 A 4.40 0.01 B 5.78 0.04 A 5.3 0.2 A 5.3 0.3 A 0.026 0.001 B 0.077 0.001 A 0.461 0.022 B 1.026 0.025 A
4.50 7.5 0.1 B 8.3 0.1 A 4.42 0.01 B 5.88 0.05 A 2.0 0.2 A 2.1 0.3 A 0.026 0.004 B 0.076 0.003 A 0.483 0.033 B 1.046 0.016 A
a E. coliMG1655 harboring pTrc99A (without budAB) or pTrc99A-Ptrc-budAB (with budAB) was grown in LB (acidified to different initial pH values) containing 0.5% glucose, 1
mM IPTG, and 100 g/ml ampicillin at 30°C for 72 h. Lag phases, growth rates, and final ODs were determined after fitting of the growth curves using DMFit. Values are means
standard deviations. Values for each parameter followed by different capital letters in the same row are significantly different (P	 0.05).
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budAB and the strain containing budAB in the mixed culture, we
introduced the pTrc99A-Ptrc-budAB plasmid and the pTrc99A
plasmid into two MG1655 strains with different antibiotic resis-
tance cassettes inserted into the lac operon. Equal amounts of
MG1655 lac::Tc/pTrc99A and MG1655 lac::Cm/pTrc99A-Ptrc-
budABweremixed together, and the culture was grown at 37°C in
LBwith glucose at pH 5.00 for as long as 10 consecutive days, with
daily dilution at 1:1,000 in fresh medium. Colony counts of the
strains lacking and containing budAB were determined daily by
plating on LB agar containing tetracycline or chloramphenicol,
respectively. The results of these experiments are shown in Fig. 4A
as the difference in log(CFU/ml) between the strain lacking budAB
and the strain containing budAB. The results indicate that the
strain containing the acetoin synthesis operon was gradually out-
competed by the strain lacking the operon. The same observation
was made when the experiment was repeated at pH 4.6 (data not
shown). This result contrasts with the finding described above for
pure cultures, that the acetoin pathway improves growth at low
pH.
A repetitive mixed-culture experiment was also carried out on
an acidic solid medium, under conditions where discrete colonies
are formed that are sufficiently separated to allow the creation of a
local pH environment. In these experiments (Fig. 4B), MG1655
possessing the budAB operon quickly got the upper hand and
completely outcompeted the other strain after 4 to 6 days, depend-
ing on the experiment. A typical example of colony formation in
themixed culture on LB agar at pH 5.00 is shown in Fig. 5. Similar
results were obtained, both in liquid and on solid medium, when
FIG 3 Survival or growth of E. coliMG1655 harboring pTrc99A (gray line) or pTrc99A-Ptrc-budAB (black line), in tomato juice containing 1 mM IPTG at 30°C
(A, B, and C) or 20°C (D, E, and F) at different initial pHs. The evolution of the juice pH during the experiment is indicated by shaded bars (pTrc99A) or filled
bars (pTrc99A-Ptrc-budAB). Error bars represent standard deviations. The horizontal lines at 1 log(CFU/ml) represent the detection limit. Stars indicate
statistically significant differences (P	 0.05) between the plate counts of the two strains.
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the plasmids were swapped between the two strains in order to
exclude potential fitness effects of the antibiotic resistance mark-
ers (data not shown).
DISCUSSION
In this study, we investigated the impact of the potential acquisi-
tion of the genes encoding the acetoin pathway from pyruvate by
E. coli. This pathway exists in a number of Gram-positive and
Gram-negative bacteria, including some members of the Entero-
bacteriaceae, and is believed to be important for their lifestyle,
because it reduces acid production during fermentative growth
and has also been shown to promote growth at low pH (14, 17). In
line with those previous findings, we observed that medium acid-
ification by E. coli in LB at an initially neutral pH and with glucose
as a fermentable carbon source was reduced after introduction of
the budAB genes from S. plymuthica. As a result, the strain con-
taining budAB grew to a higher stationary-phase cell density and
showed no decline in plate counts during the entire observation
period of 96 h, while the plate counts of the strain without budAB
declined more than 5 log units. Our results confirm earlier find-
ings on the effect of expression of Bacillus subtilis -ALS in E. coli
(18). However, while those authors were interested in enhancing
cell yields and yields of recombinant proteins produced in E. coli
by reducing fermentative acetate accumulation, our interest is in
the potential impact of the acquisition of the acetoin pathway on
the behavior of E. coli in the food production chain and, more
specifically, on growth in acidic foods.
In a second experiment, we found that acetoin production sup-
ported better growth at a low initial pH, both in acidified LB with
glucose and in tomato juice. E. coli with the budAB operon gener-
ally reached stationary-phase levels about 1 log(CFU/ml) higher
than those of the strain without this operon in acidified LB.More-
over, the budAB operon decreased the minimal pH allowing
MG1655 growth by 0.10 pH unit. This may have important con-
sequences, because fresh fruits and other acidic, slightly acidic, or
acidified foods, such as dressings and sauces, salads, yoghurt, fer-
mented sausages, and unpasteurized fruit juices, have been in-
creasingly recognized as sources of food-borne outbreaks caused
by enteric pathogens such as Salmonella and E. coli O157:H7 in
many parts of the world (19–27). These pathogens have a low
infective dose and hence can cause illness even in foods that do not
support their growth. Evidently, the risk of illness would increase
if they could acquire the ability to grow in such foods. A widely
used practical guideline in food preservation is that enterobacte-
rial pathogens do not grow in acidic foods (pH 	4.5). However,
an increasing number of observations suggest that pH 4.5 is not an
absolute barrier, and even growth at pH values as low as 3.5 has
been reported for E. coli O157:H7 on peach plugs stored at 25°C
(28). Growth of E. coli O157:H7 has also been reported on fresh
cut mangoes (pH 4.2; 23°C), and in apple cider (pH 3.6 and 23°C
or pH 4.0 and 25°C) (29–31). Also in tomato products, as in pro-
cessed whole tomatoes (pH 4.6; 25°C) and processed tomato juice
(pH 4.4; 25°C), growth of E. coliO157:H7 has been observed (32).
In this context, the question of the lower pH limit for the growth
of these enteropathogens is very pertinent. In the current work, we
showed that, at least under some conditions, the pHmin can be
lowered by acquisition of the acetoin pathway.
Although the decrease in the pHmin in acidified LB and in to-
FIG 4 Difference in plate counts (expressed in log[CFU/ml]) between E. coliMG1655 lac::Tc/pTrc99A and E. coliMG1655 lac::Cm/pTrc99A-Ptrc-budAB during
a 10-day cocultivation experiment with daily transfer to fresh medium. The medium was liquid LB (A) or LB agar (B) at an initial pH of 5.00 with 0.5% glucose,
1 mM IPTG, and 100g/ml ampicillin, and the growth temperature was 37°C. The lines shown represent the results of three independent replicate experiments.
The plate counts of the two strains were significantly different from day 2 onward in both experiments.
FIG 5 Mixed culture of E. coliMG1655 lac::Tc/pTrc99A (white arrows) and E.
coli MG1655 lac::Cm/pTrc99A-Ptrc-budAB (black arrows), grown anaerobi-
cally on LB agar at pH 5.00 with 0.5% glucose, 1 mM IPTG, and 100 g/ml
ampicillin at 37°C for 24 h.
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mato juicewas rather small, the possible shift of the boundaries for
some intrinsic or extrinsic factors allowing growth toward the
more extreme values due to new genes or functions is an impor-
tant issue for food safety. An interesting proof of principle that
such a shift is possible was provided by a study that reported the
reduction of the minimal growth temperature of an E. coli strain
from 8°C to below 4°C upon the transfer of two chaperonin genes
from a psychrophilic bacterium (33). If the genes responsible for
this shift of growth range can be transferred to other hosts by
horizontal gene transfer, the corresponding traits can move
among bacterial species and change their niche specificities (34).
Several genes encoding newmetabolic functions have been found
previously to be horizontally acquired by pathogens, providing a
selective advantage in host tissues and access to new niches (35).
With regard to 2,3-butanediol fermentation, indications of the
ecological significance of this pathway have emerged from a com-
parison between the two biotypes ofVibrio cholerae serogroupO1,
the classical and El Tor biotypes (36). A unique difference in the
carbohydratemetabolismbetween the two biotypes is thatV. chol-
erae El Tor is able to produce 2,3-butanediol and consequently to
suppress the accumulation of organic acids during growth in the
presence of carbohydrates, whereas the classical biotype has no
functional 2,3-butanediol fermentation pathway and thus
strongly acidifiesmediawith fermentable sugars, resulting in a loss
of viability. Although the genes involved in the 2,3-butanediol
pathway are present in both biotypes, their level of transcription in
the classical biotype is very low compared to that in the El Tor
biotype. It has been proposed that these differencesmight account
for the improved evolutionary fitness of the El Tor biotype over
that of the classical biotype, explaining the displacement of the
classical biotype by the El Tor biotype since the 7th cholera pan-
demic in 1961 (36). Although mixed-acid fermenters, such as E.
coli, Salmonella, or Shigella strains, do not normally perform ace-
toin fermentation, the acquisition of the acetoin pathway from
other bacteria is possible in principle and could have important
consequences for food safety, particularly the safety of (mildly)
acidic foods. It is noteworthy in this context that the superior
ability of E. coli and Shigella strains, relative to that of other Enter-
obacteriaceae, to survive extreme acid exposure (as opposed to the
ability to grow under moderate acid stress, as investigated in this
work) has been linked to the presence of a so-called acid fitness
island containing several genes of the glutamate decarboxylase
(GAD) system and a number of chaperones, which has probably
been acquired by horizontal gene transfer (37, 38).
Since the acetoin pathway potentially provides a growth ad-
vantage in substrates with a fermentable carbon source at both
neutral and low pHs, the question arises whether strains of, e.g., E.
coli or Salmonella containing this fermentation pathway have
emerged. In this context, it is relevant to observe that -acetolac-
tate is an intermediate in branched-chain amino acid synthesis.
The first reaction in this anabolic pathway is catalyzed by aceto-
hydroxyacid synthase (AHAS), which converts 2 molecules of py-
ruvate to-acetolactate, the same reaction as that catalyzed by the
catabolic -ALS enzyme (39). E. coli in fact possesses three AHAS
isozymes, and although their basal activity is insufficient to pro-
vide an adequate flux toward -acetolactate for the production of
acetoin or 2,3-butanediol (40), it is conceivable that one of these
could acquire a catabolic function under appropriate selection
conditions. The acquisition of a functional acetoin pathwaywould
then require horizontal transfer of only an -ALD gene. A search
in the available sequence databases did not reveal putative -ALD
genes in E. coli, Shigella, or Salmonella. However, since isolation of
these bacteria by selective plating methods usually relies on acid
production by glucose and/or lactose fermentation, acetoin-fer-
menting strains of bacteria are likely to have escaped detection.
Using some widely used diagnostic agar media, such as VRBG
agar, MacConkey agar, and EMB agar, we showed that the pres-
ence of the acetoin pathway indeed renders the colony appearance
atypical. Therefore, to findoutwhether acetoin-fermentingE. coli,
Shigella, or Salmonella strains exist in nature, it will be necessary to
screen a large collection of strains that have been isolated and
identified without relying on acid production from sugar fermen-
tation.
Finally, we also conducted a competition experiment between
an acetoin-producing E. coli strain and a non-acetoin-producing
E. coli strain in a liquid medium at low pH. Although the acetoin
producer had a growth advantage in pure culture, it was quickly
outcompeted by the nonproducer in a mixed culture. The com-
petition experiment does not allowus to identify the reason for the
reduced competitiveness of the acetoin producer, but two possible
explanations can be proposed. The first is that the cost for the
maintenance and expression of the budAB operon leads to a re-
duced growth rate. The second andmore likely explanation is that
the partial rerouting of pyruvate frommixed-acid fermentation to
acetoin fermentation leads to a lower energy yield. This is because
the production of acetate is coupled to ATP production through
the action of acetate kinase and provides a major portion of the
ATP produced during anaerobic growth (41). E. coli expressing
-ALS from B. subtilis in batch cultures synthesized less acetate,
and, as a result, had a lower ATP yield, than the corresponding
wild-type strain (42).
In conclusion, we demonstrated in this work that the introduc-
tion of the acetoin pathway profoundly affects the ability of E. coli
to cope with acid stress during growth. Not only does it prevent
excessive lethal acidification during fermentative growth; it also
reduces the minimal pH at which E. coli can initiate growth. Ac-
quisition of the pathway by pathogenic E. coli, Shigella, or Salmo-
nella strains, which would require only the lateral transfer of one
or two genes, could potentially have important consequences for
the safety of acidic and mildly acidic foods.
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